ABSTRACT: Effects of genotype (GEN) and implant program (IMP) on LM and gluteus muscle (GM) tenderization were investigated using crossbred steer (n = 185) and heifer (n = 158) calves. The 3-marker GeneSTAR Tenderness panel [CAST (calpastatin), CAPN1 316 (μ-calpain), and CAPN1 4751 (μ-calpain)] was used to determine the GEN of each animal (reported as total number of favorable alleles, 0 through 6). Calves were randomly assigned to 1 of 2 IMP, conventional (CNV) or delayed. Cattle in the CNV group were implanted at the beginning of the finishing period with Revalor-IS or Revalor-IH (Intervet Inc., Millsboro, DE), and then reimplanted 59 d later with Revalor-S or Revalor-H (Intervet Inc.). Calves in the delayed group received a single terminal implant (Revalor-S or Revalor-H) administered 45 d after initiation of the finishing period. Warner-Bratzler shear force (WBSF) was measured on LM and GM steaks at 3, 7, 14, 21, and 28 d postmortem. No interactions between the main effects of sex, IMP, or GEN were detected (P > 0.05) for WBSF. An IMP × postmortem aging (age) interaction was detected (P < 0.05) for LM and GM WBSF. For both muscles, steaks from CNV cattle had WBSF values that were approximately 0.2 kg greater (P < 0.05) than the values for steaks from delayed animals, but only during the early postmortem period (3 to 7 d). A linear effect of GEN on WBSF was detected (P < 0.05) for LM and GM steaks. Within each muscle, steaks from cattle with 6 favorable alleles had WBSF values 0.33 kg less than the values for steaks from cattle with 1 favorable allele. The GEN × age interaction was not significant for LM (P = 0.14) or GM (P = 0.20), but a numerical trend was observed for the effect of GEN on WBSF to diminish as age increased. To investigate how genetic markers could be interfaced with current beef carcass quality grading, cattle were sorted into 2 gene marker groups (GMG), ≤3 vs. ≥4 favorable alleles. For both muscles, GMG was effective only at identifying tenderness differences within the Select grade. When aged ≤14 d, Select LM steaks from cattle with ≥4 alleles had smaller (P < 0.05) WBSF values than did LM steaks from animals with ≤3 alleles. Preslaughter factors (sex, IMP, and GMG) controlled in the present study each accounted for less than 7% of the explained variation in tenderness of the test population. Results from this study suggest that the 3 GeneSTAR Tenderness markers were associated with small differences (0.33 kg) in WBSF and may be useful for increasing the consistency of Select beef, but these specific markers accounted for only a minor amount of variation in beef tenderness.
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INTRODUCTION
For the majority of beef consumers, tenderness is the sensory attribute with the greatest influence on eating satisfaction (Huffman et al., 1996) , and market research has shown that improving beef tenderness increases both the likelihood that consumers will purchase beef and the price they are willing to pay (Boleman et al., 1997; Platter et al., 2003) . Systems that facilitate production of consistently tender beef by controlling preand postslaughter processes known to affect tenderness would assist the industry in attaining goals of building beef demand and adding value to cattle . identified postmortem aging as a critical control point in management systems designed to reduce the incidence of beef tenderness problems; however, research suggests that postmortem tenderization can be influenced by numerous factors, such as USDA quality grade (Bratcher et al., 2005) , muscle within a carcass (Gruber et al., 2006) , genetics (Wulf et al., 1996) , and the use of hormonal implants .
The association between commercial genetic markers and beef LM tenderness has been validated (Van Eenennaam et al., 2007) , but little is known regarding the relationships among genetic markers, preslaughter management factors, and postmortem tenderization of different beef muscles. Moreover, delayed implanting recently has been recommended for enhancing marbling deposition in feedlot cattle (Corah and McCulley, 2006) , but the effects of delayed implanting on beef tenderization are not well documented.
Although the effects of various preslaughter factors on beef tenderness have been studied individually, it is not known how these factors interact within the beef chain to affect postmortem tenderization. Therefore, the current study was designed to characterize interactions among delayed implanting, genetic markers, and postmortem tenderization of 2 beef muscles from calffed steers and heifers.
MATERIALS AND METHODS
The care, handling, and sampling of animals described herein were approved by the Colorado State University Animal Care and Use Committee.
Animals and Management
Male and female contemporaries (born January 9 to May 25, 2006) from 2 different Bos taurus crossbred cowherds were identified for use in this study. Crossbred steer (n = 185) and heifer (n = 158) calves (289 calves sired by Charolais bulls and 54 calves sired by Angus bulls) were weaned at 4 to 7 mo of age, preconditioned, and placed in the feedlot at the Colorado State University Eastern Colorado Research Center (Akron, CO) for finishing.
Within each source, calves were sorted by sex, stratified by weaning weight, and randomly assigned to 1 of 2 implant programs (IMP), conventional (CNV) or delayed (DEL). Calves in the CNV group were implanted at the beginning of the finishing period (December 11, 2006 ; approximately 140 to 169 d before slaughter). Steers were administered implants containing 16 mg of 17-β estradiol and 80 mg of trenbolone acetate (Revalor-IS, Intervet Inc., Millsboro, DE) , and heifers received initial implants containing 8 mg of 17-β estradiol and 80 mg of trenbolone acetate (Revalor-IH, Intervet Inc.). Cattle in the CNV treatment group were reimplanted 59 d later. Steers received terminal implants containing 24 mg of 17-β estradiol and 120 mg of trenbolone acetate (Revalor-S, Intervet Inc.), and heifers were administered terminal implants containing 14 mg of 17-β estradiol and 140 mg of trenbolone acetate (Revalor H, Intervet Inc.). Calves in the DEL group received a single terminal implant (steers: Revalor-S; heifers: Revalor-H) administered 45 d after initiation of the finishing period.
The finishing diet, consisting of 81.3% dry-rolled corn, 5.0% wheat straw, 5.0% sunflower meal, 4.5% finisher pellets, and 4.2% alfalfa hay (DM basis), was formulated to contain 12.4% CP and to meet or exceed NRC (2000) nutrient requirements for growing and finishing cattle. All cattle were fed monensin and tylosin (Rumensin and Tylan, Elanco Animal Health, Greenfield, IN), and heifers were supplemented with melengestrol acetate (Pfizer Animal Health, Kalamazoo, MI). Diets were dispensed once daily and cattle had ad libitum access to feed. Individual BW were recorded on December 11, 2006 (initial BW, all 
Genotyping
Hair samples for genotyping were obtained from each animal at the time final BW was recorded. A tail hair sample was obtained from each animal using commercially available collectors (SureTRAK, Pfizer Animal Genetics, Harahan, LA) and was submitted to Pfizer Animal Genetics (Harahan, LA) to obtain GeneSTAR Tenderness results. The GeneSTAR Tenderness panel consisted of 3 markers for 2 different genes: 1) T1, calpastatin (CAST; Barendse, 2002) ; 2) T2, μ-calpain (CAPN1 316; Page et al., 2002) ; and 3) T3, μ-calpain (CAPN1 4751; White et al., 2005) .
Morbidity and Behavior
Additional preslaughter factors that have been found to affect postmortem tenderization were monitored throughout the growing-finishing period Gardner et al., 1999; King et al., 2006) . Cattle behavior was scored in the pen (pen score; 4 to 10 steers/ pen and 19 to 28 heifers/pen), when final BW was obtained (chute score), and during lairage at the processing facility (posttransport score) using procedures developed by Gruber et al. (2010) . Briefly, behavior scores were assigned to individual animals using a 15-cm semistructured line scale that was equally divided into 5 sections to represent the following behaviors: 1) calm: 0 to 2.9 cm; 2) restless: 3.0 to 5.9 cm; 3) nervous: 6.0 to 8.9 cm; 4) flighty: 9.0 to 11.9 cm; and 5) aggressive: 12.0 to 15.0 cm. Morbidity was quantified by the number of diagnosed cases during growing-finishing in the feedlot and by using a postslaughter lung scoring system that identified either the presence or absence of any lesions (dark depressed purple areas primarily in the right anterior ventral lobe).
Slaughter and Carcass Data Collection
Groups of cattle representing each ranch, IMP, and sex were slaughtered on 3 dates (Table 1) . Cattle were chosen for slaughter based on BW and estimated 12th-rib fat thickness. Slaughter dates were chosen so that all cattle were slaughtered 80 to 124 d after receiving a terminal implant. After slaughter at a commercial beef processing plant (approximately 145 km from the feedlot), prerigor carcasses traveled through 4 zones of electrical stimulation: 1) 16 V, 60 Hz, 15 s (1 s on, 1 s off); 2) 20 V, 60 Hz, 15 s (1 s on, 1 s off); 3) 24 V, 60 Hz, 20 s (1 s on; 1 s off); and 4) 28 V, 60 Hz, 13 s (2 s on, 1 s off), and were then chilled (air temperature 2°C) for 48 h. After the carcass-chilling period, a USDA grader assigned scores to each carcass for marbling and lean maturity. In addition, 2 experienced evaluators (Colorado State University personnel) independently evaluated each carcass and recorded measurements or assessments of fat thickness, adjusted fat thickness, KPH, and skeletal maturity. Values for each trait recorded by the 2 evaluators were averaged, resulting in a single value for each grade factor for each carcass. Measurements of LM area were obtained for each carcass using a video image analysis system (model VBG 2000, e + v Technology GmbH, Oranienburg, Germany) maintained by the beef processing facility. Approximately 1 h after carcass ribbing, L* (0 = black; 100 = white), a* (negative number = green; positive number = red), and b* (negative number = blue; positive number = yellow) values were measured (model 45/O-S, Miniscan, HunterLab, Reston, VA) on 3 randomly chosen locations within the right rib-eye face. Color values from each rib-eye face were then averaged to obtain a single L*, a*, and b* value for each carcass.
Muscle Samples
At 48 h postmortem, strip loins (IMPS 180; USDA, 1996) and top sirloin butts (IMPS 184; USDA, 1996) were removed from the right side of each carcass and transported immediately (under refrigeration) to the Colorado State University Meat Laboratory. At the Meat Laboratory, the gluteus medius muscle (GM) was separated from each top sirloin butt and samples of each GM and LM were obtained for pH determination. Approximately 3 d postmortem, 3 g of each tissue sample was added to 30 mL of deionized water, homogenized thoroughly, and used to determine ultimate pH (Model 401A, Orion Research, Boston, MA).
Each GM and strip loin was fabricated into 5 sections, which were then randomly assigned to each of 5 postmortem aging periods (3, 7, 14, 21, and 28 d) . Muscle sections were placed into vacuum-sealed bags (Cryovac-Sealed Air Corp., Duncan, SC) and stored at 2°C. After completion of the appropriate aging period, muscle sections were frozen and stored at −20°C. Frozen muscle samples were fabricated into 2.54-cm-thick steaks using a band saw (model 400, AEW, Norwich, UK).
Warner-Bratzler Shear Force Measurement
A randomization scheme was used to identify steaks to be cooked and sheared on approximately each of 31 d. For each day, a total of 11 to 12 animals representing each sex and IMP subclass were randomly selected. All 10 steaks from each animal (5 steaks for each of the 2 muscles) were cooked and sheared on the same day. Frozen LM and GM steaks were tempered for 36 to 40 h at 2°C (precooking internal steak temperatures were monitored to ensure that steak temperatures were between 1 and 5°C) and cooked on an electric conveyor grill (model TBG-60 MagiGrill, MagiKitch'n Inc., Quakertown, PA) for a constant time of 6 min 5 s at a setting of 163°C for the top and bottom heating platens to achieve a targeted peak internal temperature target of 71°C. Peak internal temperature of each steak was measured by inserting a Type K thermocouple (model 39658-K, Atkins Technical, Gainesville, FL) in the geometric center of each steak.
After cooking, steaks were allowed to equilibrate to room temperature (22°C), and 6 to 10 cores (1.3 cm in diameter) were removed from each steak parallel to the muscle fiber orientation. Each core was sheared once, perpendicular to the muscle fiber orientation, using a 
Statistical Analysis
Analyses of WBSF were conducted within each muscle using a REML-based, mixed-effects model for repeated measures (PROC MIXED, SAS Inst. Inc., Cary, NC). The statistical model included sex, IMP, genotype (GEN), and aging period (termed "age") as independent fixed effects. All 3-and 2-way interactions of fixed effects were included and were subsequently removed from the model and pooled with the residual if not significant (P > 0.05). Animal was included as a random effect, a spatial power covariance structure was used, and the Kenward-Roger approximation was used to calculate denominator degrees of freedom. Shear force measurements for the GM were adjusted to a common peak internal temperature using analysis of covariance. Steak temperature was not a significant covariate for LM WBSF analyses and was therefore removed from the model.
To investigate the effects of behavior and health on WBSF, analyses were conducted using behavior or morbidity as a fixed independent categorical variable along with sex, IMP, and age. Animal was included as a random effect. For all shear force analyses, animal served as the experimental unit, age was treated as a repeated measurement, and means were separated using the PDIFF option at a significance level of P < 0.05.
Statistical analyses of muscle quality (excluding WBSF), carcass, and growth traits also were conducted using the mixed models procedure of SAS. The statistical models included sex, IMP, and GEN as independent fixed effects. All 3-and 2-way interactions of fixed effects were included and subsequently removed from the model if not significant (P > 0.05). Slaughter group was included as a random effect, and the KenwardRoger approximation was used to calculate denominator degrees of freedom.
The proportion of variation in WBSF explained by pre-and postslaughter variables was estimated using the Type III sums of squares approximation in PROC MIXED. For Type III analyses, individual animal (sex × IMP × genetic marker group) was included as a random effect. Proportions of explained variation (EV) were calculated as the ratio of sums of squares for a variable to EV.
RESULTS AND DISCUSSION
The primary objective of this study was to examine the combined effects of several preslaughter factors and their interactions with postmortem tenderization of the LM and GM. Results from ANOVA summarizing the effects of sex, IMP, GEN, and age on WBSF of LM and GM steaks are presented in Table 2 . No interactions among sex, IMP, and GEN were detected (P > 0.05), indicating that the effects of these factors on LM and GM WBSF were independent. Correspondingly, only main effects and their interactions with age are presented and discussed.
Sex Effects
Previous studies comparing the tenderness of beef from steers and heifers suggest that, on average, heifers produce beef that is slightly tougher than the beef produced by steers . In addition, results of some studies indicate that heifer beef may require a longer postmortem aging period to be comparable in tenderness with beef produced by steers (Wulf et al., 1996; O'Connor et al., 1997; Choat et al., 2006 ). In the current study, sex did not affect (P > 0.05) WBSF values of steaks from either muscle (Table 3) . Furthermore, the interaction between sex and age (Table 2) was not significant for the LM (P = 0.22) or GM (P = 0.29), indicating that beef cuts from steers and heifers responded similarly to postmortem aging and would not require different aging periods to produce steaks with similar tenderness. Wulf et al. (1997) found that heifers were more excitable than steers and that muscles from heifers had greater ultimate pH values, reduced a* and b* values, and a greater 24-h CAST activity, all of which were associated with greater WBSF values and decreased sensory panel ratings for tenderness. In the current study, pen behavior scores showed that heifers were more excitable than steers (Table 3) . However, pH values of LM and GM (Table 3) were identical for steers and heifers and, in contrast to results reported by Wulf et al. (1997) , heifers in the current study had greater LM a* and b* values than did steers (Table 3) .
Implant Effects
A growing body of scientific evidence suggests that repetitive use of implants containing large dosages of estradiol and trenbolone acetate during finishing adversely affects tenderness and consumer acceptability of beef (Morgan, 1997; Roeber et al., 2000; Platter et al., 2003) . Recent research, however, suggests that most of the detrimental effects of implanting are mitigated by postmortem aging periods of 14 to 28 d .
The IMP compared in the current study included 1) a CNV program with 2 implants, in which cattle received a relatively mild initial implant (Revalor-IS or Revalor-IH) and were reimplanted with a moderate-dose terminal implant (Revalor-S or Revalor-H) approximately 80 to 110 d before slaughter, and 2) a DEL IMP, in which cattle were not given an initial implant but received a moderate-dose terminal implant (Revalor-S or Revalor-H) administered after 45 d of finishing (approximately 95 to 125 d before slaughter). Neither of the IMP compared in this study would be considered overly aggressive (Morgan, 1997; Montgomery et al., 2001 ).
In the current study, effects of IMP on LM and GM WBSF depended on the length of the postmortem aging period, as indicated by significant IMP × age interactions for both muscles (Table 2) . Compared with the CNV group, the DEL group had reduced (P < 0.05) mean WBSF values at 3 and 7 d postmortem for the LM steaks (Figure 1 ) and at 3 and 21 d postmortem for the GM steaks (Figure 2) . Differences in LM WBSF between the 2 IMP were eliminated once strip loins had been aged for 14 d or longer (Figure 1 ) and once top sirloins had been aged for 28 d (Figure 2) .
Delayed implanting has been recommended as a management strategy for enhancing marbling deposition in feedlot cattle without substantially reducing growth performance (Bruns et al., 2005; Corah and McCulley, 2006) . The effects of IMP on growth and carcass characteristics are displayed in Table 4 . Implant program did not affect (P > 0.05) final BW, ADG, HCW, LM area, adjusted fat thickness, KPH percentage, or yield grade (Table 4) . Conventional carcasses had slightly greater (P < 0.05) skeletal and overall maturity scores than DEL carcasses (Table 4) . Compared with carcasses from CNV cattle, DEL cattle tended to produce a greater (P = 0.09) percentage of carcasses grading USDA Choice or better (71.5 vs. 62.0 ± 4.9%), with greater (P = 0.07) marbling scores (444.6 vs. 428.2 ± 6.9; Small = 400). Similar to the present study, Woerner and Tatum (2007) applied CNV and DEL IMP to a test population of cattle that were comparable with the current experimental sample (steer and heifer contemporaries from the same 2 crossbred cowherds). In that study, conventionally implanted cattle had greater HCW and LM areas than cattle that received a single delayed implant (Woerner and Tatum, 2007) . Although not statistically significant, Woerner and Tatum (2007) reported a trend for cattle that received conventional initial and terminal implants to produce carcasses with decreased mean marbling scores (20 points) and a reduced quality grade performance (14% fewer Choice or greater) compared with cattle that received a single delayed terminal implant.
GEN Effects
Cattle GEN, determined using the GeneSTAR Tenderness 3-marker panel and allelic frequencies for each tenderness marker (T1, T2, and T3), are presented in Table 5 . Frequency of the favorable T1 allele was very high (0.88) among cattle comprising the experimental sample. Moreover, all cattle in the current study had at least 1 favorable T1 allele (Table 5) . Frequencies of favorable T2 and T3 alleles among cattle in the test population were 0.25 and 0.60, respectively (Table 5) . Tenderness GEN and allelic frequencies for cattle in the current study were very similar to those reported by Van Eenennaam et al. (2007) for Charolais × Angus cattle. In the latter study (Van Eenennaam et al., 2007) , frequencies of favorable T1, T2, and T3 alleles reported for Charolais × Angus cattle were 0.94, 0.23, and 0.46, respectively.
Information showing how the T1, T2, and T3 alleles segregated in the experimental sample is provided in Table 6 . In a recent validation study, Van Eenennaam et al. (2007) reported that the marker effect for the GeneSTAR Tenderness panel was additive, but not equal. The CAPN1 316 (T2) and CAPN1 4751 (T3) markers were linked; therefore, the association of the CAST (T1) marker and the μ-calpain haplotype with WBSF was reported (Van Eenennaam et al., 2007) . The distribution of GEN in the current experimental sample (Table 6) was not suitable for haplotype analysis; therefore, the GEN of an animal was expressed as the total number of favorable alleles for tenderness. Based on the GeneSTAR Tenderness panel, an animal could possess from 0 to 6 favorable tenderness alleles (0, 1, or 2 favorable alleles for each of 3 markers). The distribution of GEN observed in the experimental sample, expressed as the total number of favorable tenderness alleles, is displayed in Table 7 . Genotypes were normally distributed, with more than 90% of the animals having from 2 to 5 favorable alleles (Table 7) .
All animals with a single favorable allele for tenderness had 1 favorable T1 allele. Of cattle that had 2 favorable alleles for tenderness, 60% had 2 favorable T1 alleles, whereas 40% had 1 favorable T1 allele and 1 favorable T3 allele. Most of the 3-allele and 4-allele cattle had 2 favorable T1 alleles, together with either 1 or 2 favorable T3 alleles. Of the 5-allele cattle, ap- (2007) reported a significant association between GEN, expressed as total number of favorable tenderness alleles, and WBSF. Furthermore, results from that study suggest that the difference between defining GEN as additive and equal (as in the current study) and defining GEN as additive but allowing markers to have effects of different magnitudes (CAST and μ-calpain haplotype) was very small. According to estimates reported by Van Eenennaam et al. (2007) , within additive and equal GEN (i.e., the total number of favorable alleles), the range of expected change in WBSF among the various combinations of markers was only 0.1 kg.
In the current study, a linear relationship (P < 0.05) was observed between the number of favorable alleles for tenderness and WBSF of the LM and GM steaks (Table 8 ). Cattle with 6 favorable alleles produced LM and GM steaks with mean WBSF values that were 0.33 kg less than the mean WBSF values for LM and GM steaks produced by cattle with only 1 favorable allele (Table 8 ). In the validation study, Van Eenennaam et al. (2007) reported that cattle with 6 favorable alleles for tenderness produced 14-d-aged LM steaks with WBSF values that were approximately 0.8 kg less than those from cattle with 1 favorable allele. For both muscles in the current study, the GEN × age interaction was not significant (P > 0.05). However, a tendency (P < 0.20) was observed for the effects of GEN on LM and GM WBSF to diminish as postmortem aging time increased. The mean difference in WBSF between LM steaks from 1-allele and 6-allele cattle was approximately 0.5 kg at 3 d postmortem and 0.2 kg at 28 d postmortem (data not presented). For GM steaks, the mean difference in WBSF between the most and least desirable GEN was approximately 0.5 kg at 3 d postmortem and 0 kg after 28 d of storage (data not presented). To date, the majority of studies investigating the effects of genetic markers on WBSF have involved only 14-d-aged LM steaks. Schenkel et al. (2006) examined the effects of a CAST SNP (UoGCAST1 G to C substitution) on WBSF of 2-, 7-, 14-, and 21-d-aged LM steaks in ad- The experimental population did not contain any animals with 0 favorable alleles for the T1 marker.
dition to 7-d-aged semitendinosus steaks; however, this CAST SNP differed from the one used in the present study.
Additional Factors and Their Effects
Cattle Behavior. No cattle in the current study exhibited aggressive behavior, and only 2 animals were classified as flighty. Animals scored as flighty were included in the nervous category for all analyses. Pen behavior scores classified approximately 60% of all cattle as calm, 36% as restless, and 4% as nervous (data not presented). Pen behavior influenced WBSF values for both LM (P = 0.013) and GM (P = 0.001) steaks, but had a greater effect on tenderness of the GM. Cattle exhibiting calm pen behavior produced LM steaks with mean WBSF values that were 0.22 kg less than those for cattle characterized as nervous (data not presented). Perhaps most noteworthy was the fact that GM steaks produced by cattle with nervous pen behavior showed much less tenderness improvement in response to postmortem aging than did GM steaks from calmer cattle (behavior × age, P = 0.019). From 3 to 28 d postmortem, WBSF values for GM steaks from calm and restless cattle decreased by 0.81 and 0.94 kg, respectively, whereas WBSF values for GM steaks produced by nervous cattle were reduced by only 0.59 kg ( Figure  3) . After 28 d of postmortem storage, top sirloin steaks from nervous cattle had WBSF values approximately 0.60 kg greater (P < 0.05) than those for top sirloin steaks from calm or restless cattle (Figure 3) .
Morbidity. The number of animals treated for illness 1 or more times during the experiment was approximately 1 in 5, whereas the incidence of cattle with 1 or more detectable lung lesions at slaughter was approximately 1 in 20 (data not presented). Gardner et al. (1999) reported that cattle with detectable lung lesions at slaughter produced tougher LM steaks (aged for 7 d) compared with steers that did not have lung lesions. In the current study, treating cattle for illness did not affect (P > 0.05) WBSF values for LM or GM steaks. In addition, the presence of detectable lung lesions had no effect (P > 0.05) on LM or GM tenderness.
Application of Genotyping for Tenderness Management
Few, if any, attempts have been made to use genetic markers to manage end-product tenderness. Application of genetic marker technology by consumer-driven beef marketing programs could enhance their effectiveness for ensuring consistent product tenderness and consumer satisfaction.
The US beef industry currently relies on USDA quality grades to categorize carcasses and beef cuts according to expected differences in eating quality. Moreover, marbling score is a key carcass specification for certified beef programs; therefore, additional analyses were conducted to examine the integration of genetic markers with existing beef carcass grading or classification systems.
Further analyses of the test population revealed that dividing the array of GEN into 2 gene marker groups (GMG), those with 3 or fewer favorable alleles vs. those with 4 or more favorable alleles, effectively stratified cattle comprising the experimental sample according to genotypic differences in mean LM WBSF (data not presented). Most of the cattle (>88%) with 4 or more favorable alleles had 2 favorable T1 (CAST) alleles and at least 2 favorable T2-T3 (CAPN1) alleles; however, a small subset (approximately 11.5%) of cattle within this group had a single favorable allele for T1 (CAST) together with 3 or more favorable alleles for T2-T3 (CAPN1).
The effects of GMG, quality grade [Select, low Choice (LCH), and upper 2/3 Choice or greater (UCH)], and age on LM and GM WBSF are summarized in Table 9 . For top sirloin steaks, GMG was effective only at identifying tenderness differences within the Select grade (GMG × quality grade, P = 0.028; Table 9 ). Within the Select grade, GM steaks from animals with ≥4 favorable alleles had WBSF values approximately 0.24 kg less (P < 0.05) than those for GM steaks from cattle with ≤3 favorable alleles (data not presented in tabular form). The GMG × age interaction (P = 0.025; Table 9) indicated that GM steaks from the more desirable GEN had smaller (P < 0.05) WBSF values only at 3 d postmortem (data not presented in tabular form).
A significant GMG × quality grade × age interaction was detected for LM WBSF (Table 9 ). Least squares means for the 3-way interaction suggest that GMG was most effective at identifying LM tenderness differences within Select carcasses (Table 10) . Regardless of postmortem aging period, GMG did not separate UCH strip loin steaks according to WBSF (Table 10) . Low Choice LM steaks from cattle with ≥4 favorable alleles for tenderness had smaller (P < 0.05) WBSF values than LCH LM steaks from cattle with ≤3 favorable alleles, but only during the early postmortem period (3 d). At 3, 7, and 14 d postmortem, Select strip loin steaks fabricated from cattle with ≤3 favorable alleles had greater (P < 0.05) shear force values than Select strip loin steaks from animals with ≥4 favorable alleles (Table 10) .
To estimate the potential merit that genetic marker technology may have for branded beef programs that use Select carcasses, nonlinear regression was used to fit "aging curves" to the GMG × quality grade × age least squares means for strip loin steaks (Gruber et al., 2006) . These exponential decay models were then used to calculate the number of days of postmortem aging required for LM samples in each subclass to achieve a specified WBSF value (3.70 kg; Platter et al., 2003) . Regardless of GMG, UCH and LCH LM steaks required approximately 7 and 11 d of postmortem aging, respectively, to achieve the targeted WBSF value (Table 10) . Select strip loin steaks from cattle with ≥4 favorable alleles required 10 d of postmortem aging to reach 3.7 kg, whereas LM steaks from animals with ≤3 favorable alleles required 18 d of aging to achieve the targeted WBSF value (Table 10 ). Information presented in Table 10 may assist consumer-driven beef programs to increase the consistency of their Select brands by identifying ways to manage GEN and postmortem aging.
Relative Importance of Preand Postslaughter Management Factors
Analyses in the previous sections estimated the magnitude of change in WBSF associated with various preslaughter management factors. Information pertaining to experimental sample variance, and the proportion of variation that can be attributed to different pre-and postslaughter variables, could provide additional infor- Least squares means without a common letter differ (P < 0.05). Behavior categories (15-cm structured line scale): 0 to 2.9 cm = calm; 3 to 5.9 cm = restless; 6 to 11.9 cm = nervous. mation on the contribution of each management factor to total tenderness variation. Type III sums of squares analyses were conducted for the LM and GM using sex, IMP, GMG, and age as the factors of interest (Table  11 ). The repeated measures design of the present study also allowed for an estimate of between-animal variation in beef tenderness. The experimental sample variance for WBSF was approximately 0.20 kg 2 for LM steaks and 0.22 kg 2 for GM steaks. Approximately 95% of all LM WBSF observations for strip loin steaks were between 2.78 and 4.58 kg, whereas 95% of GM WBSF observations were between 3.36 and 5.24 kg.
Accounting for sex, IMP, GMG, age, and individual animal explained approximately 72.0% of the total variation in LM WBSF (i.e., EV) and 61.0% of the total variation in GM WBSF (Table 11) . Postmortem aging accounted for more than 30% of the EV in LM and GM WBSF. Sex and IMP each accounted for <1% of the EV in WBSF of strip loin and top sirloin steaks.
Gene marker group and its interaction with age accounted for 1.5 and 0.8% of the EV in LM and GM tenderness, respectively (Table 11 ). Variation in WBSF among animals within a sex × IMP × age subclass (between-animal variation) accounted for 51% of the EV in LM shear force (Table 11) . Animal-to-animal variance accounted for 63.1% of the EV in GM WBSF. Individual-animal variation in WBSF was likely due to both environmental and genetic factors not accounted for in the present study. If a portion of animal-to-animal variation observed in the present study represents genetic differences in tenderness, then it is associated with genetic effects not explained by the CAST and μ-calpain SNP quantified in the test population.
Results from the previous section suggested that the tenderness markers used in the present study may be most beneficial when applied within the Select quality grade. Type III sums of squares analyses conducted within the Select grade showed that GMG and its inter- Days to 3.7 kg (Platter et al. 2003) was predicted using nonlinear regression models (P < 0.05) fit to least squares means for each quality grade × GMG × age subclass (Gruber et al., 2006) . Analyses that included genotype as 1 through 6 favorable alleles accounted for <7% of the EV.
3
Sums of squares do not add to corrected total because individual Type III SS are adjusted for all other factors. Within a muscle, total EV was calculated by adding SS for each source (sex, IMP, GMG, age, IMP × age, GMG × age, individual animal, and internal steak temperature) and dividing by corrected total SS. action with age accounted for 5.5 and 6.8% of the EV in Select LM and GM steaks, respectively. It should be noted that analyses that included GEN expressed as 0 through 6 favorable alleles still accounted for only <7% of the EV in beef tenderness.
Results from this study suggest that the GeneSTAR 3 Tenderness panel effectively identified differences (≤0.33 kg) in LM and GM shear force. Moreover, the present study suggests that genetic marker technology could be used to increase the tenderness and consistency of Select strip loins. However, the amount of variability in tenderness explained by the CAST and μ-calpain SNP is comparatively small. In the current study, sex, IMP, and GEN each accounted for <7% of the explained experimental population variance.
